ABSTRACT: Twenty-four crossbred barrows (average BW, 70.8 kg) were used to compare the digestibility of dry matter and the mineral absorption and retention by pigs fed two Cu sources. Dietary treatments were 1 ) basal ( B ) (16% CP corn-soybean mealbased diet, 36 mg/kg of Cu), 2 ) B + 200 mg/kg of Cu from CuSO 4 ·5 H 2 O (CuSO 4 ) , and 3 ) B + 200 mg/kg of Cu from a copper lysine complex (CuLys). All diets contained equal lysine content and .05% chromic oxide for indirect determination of absorption. Two 7-d total collection periods were conducted. Pigs were fed 8% of metabolic BW (BW .75 ) divided into two equal feedings. Average daily gain tended to be higher for pigs fed CuLys than for pigs fed CuSO 4 ( P < .02). Dry matter digestibilities were similar ( P > .10) among treatments. The absolute amount of Cu absorbed and retained was greater for pigs fed both Cu sources ( P < .001) than for pigs fed the control diet. Iron and Zn intake and excretion and the percentage of Fe absorbed and retained were similar ( P > .10) among treatment groups. Chromium intake and excretion in feces were not different ( P > .10), with an average recovery of 93.8%. Indirect DM digestibility was similar to total collection values; however, mineral values were similar only after correction for Cr recovery. Pigs fed elevated Cu absorbed more Cu, with no difference between the two sources. Zinc and Fe absorption and retention were generally not affected ( P > .10) by Cu addition or sources. The absorption and retention of Cu was similar for pigs fed growth-stimulative levels of Cu from CuSO 4 or copper lysine complex.
Introduction
The growth-promotant potential of copper (Cu) when fed to growing swine at levels of 100 to 250 mg/ kg is widely recognized (Bunch et al., 1961 (Bunch et al., , 1965 Hawbaker et al., 1961; Braude, 1967) , although its mode of action is still uncertain. Improved availability of Cu from organic Cu complexes compared with the commonly used Cu salts recently has been suggested. Some reports have shown that additions of Cu from copper-lysine ( CuLys) complexes resulted in improved performance of pigs compared with copper sulfate (CuSO 4 ) (Coffey et al., 1994; Zhou et al., 1994) . Other researchers, however, have reported no differences in growth-promotant activity between the two Cu sources (van Heugten and Coffey, 1992; Apgar et al., 1995) . Aoyagi and Baker (1994) reported that CuLys and copper-methionine complexes when fed to chicks were not lower in bioavailability when fed in combination with elevated levels of L-cysteine and Lascorbic acid, two dietary components that lower Cu absorption. This response suggests that Cu from organic sources may be absorbed differently and may be affected less by other dietary additives than is inorganic Cu. Therefore, the objective of this study was to compare the mineral balance and dry matter digestibility in finishing pigs fed elevated levels of Cu from either CuSO 4 or a CuLys complex, in the presence of excess amounts (three to four times recommended levels) of other trace minerals (Fe, Cu, Mn, and I) . Absorption coefficients also were compared using the chromic oxide indicator method. 
Materials and Methods
Twenty-four crossbred barrows (average initial weight of 83.7 kg in Trial 1 and 80.6 kg in Trial 2 ) were used in two balance trials to evaluate the effects of added dietary Cu from either CuSO 4 or a CuLys complex on mineral absorption and retention and dry matter digestibility. Dietary treatments were 1 ) a basal 16% CP corn-soybean meal based diet (36 mg/kg of Cu), 2 ) basal + 200 mg/kg of Cu from CuSO 4 ·5H 2 O (Tennessee Chemical, Copperhill, TN), and 3 ) basal + 200 mg/kg of Cu from CuPlex 100 (Zinpro Corp., Edina, MN). Diets were formulated to contain all essential components (NRC, 1988) , and the lysine content was equalized by adding crystalline lysine (Table 1) . Chromic oxide was added at a level of .05% as a mixture of one part chromic oxide plus three parts cornstarch (wt/wt) to all diets for determination of absorption values by the indicator method. Absorption also was determined by the total collection method.
Pigs were randomly allotted to the dietary treatments in each trial within outcome groups based on weight. Littermates were balanced across treatments. The care and treatment of pigs followed published guidelines (Consortium, 1988) . Prior to the experiment, pigs were maintained on a commercially available grower diet that contained 200 mg/kg added Cu as CuSO 4 and 33 mg/kg of added tylosin.
Pigs were placed in stainless steel metabolism cages in environmentally controlled rooms (21°C and 50 to 60% humidity) and fed the dietary treatments for 14 d to adjust to diets and cages. Two total collection periods of 7 d each followed immediately after the 14-d adjustment period. Throughout the adjustment period and during both collection periods, barrows were fed 8% of metabolic body weight ( BW .75 ) per day divided into two equal feedings (0715 and 1415). Barrows were given 1 h for eating, after which the orts were removed, weighed, and recorded. Water was available via nipple waterers for 1.5 h beginning at the start of the feeding interval. Daily fecal collections were weighed, recorded, and stored at −10°C. After each collection was completed, feces were dried in a forced air oven (60°C). Samples were ground to pass through a 1-mm screen, using a stainless steel Wiley mill and frozen for later mineral analysis. Total urine was collected starting 1 h after the first feeding, and continued until 1 h after the last feeding of each collection period. Urine was filtered through glass wool into 20-L plastic jugs and kept at a pH of 5.0 or lower using 25% (vol/vol) solution of concentrated HCL. At the end of each collection period, the total volume of urine per pig was measured, mixed, and sampled (500 mL). The sample was frozen for later mineral determination. Feed, water, urine, and feces were analyzed for Cu, Fe, Zn, and Cr concentration using a flame atomic absorption spectrophotometer (model 5100, Perkin Elmer, Norwalk, CT) after wet ashing with nitric-perchloric acid (AOAC, 1990) .
Data from both trials were pooled after examination of variances (Snedecor and Cochran, 1967) and treatment × trial interactions. If variances differed ( P < .05) between trials, the treatment × trial mean square was used to test treatment effects. Analyses were conducted using the GLM procedure of SAS (1990) , with the individual barrow as the experimental unit. The model included the effects of trial, diet, week within trial, replicate, and trial × week interactions. Contrast statements were used to compare the effect of added Cu from both sources to controls and to compare differences between the two Cu sources (Robson, 1959) .
Results
Average daily gain tended to be greater for pigs fed Cu from CuLys than for pigs fed CuSO 4 (Table 2, P < .02). Control pigs had intermediate ADG values. Concentration of Cu in feces was higher ( P < .001) for pigs fed elevated Cu from both sources than for controls. Pigs fed Cu from CuLys tended ( P < .09) to have higher fecal Cu concentrations than pigs fed Cu from CuSO 4 . The percentages of Fe and Zn in feces were similar among dietary treatment groups, but fecal concentrations of Cr tended to be higher ( P < .10) in pigs fed Cu from CuLys than in pigs fed Cu from CuSO 4 ; control pigs were intermediate. Dry matter intake, excretion of dry matter in feces, absolute amount of dry matter digested, and digestibility as a percentage were not different among dietary treatment groups (Table 3) . Intake of Cu and Cu excretion in feces and urine were greater ( P < .001) for pigs fed elevated Cu from both sources than for controls, with no difference between the two Cu sources. Excretion of Cu in urine was affected by week ( P < .05); values were greater in wk 2 than in wk 1 (.0075 vs .0045, respectively). The absolute amount of Cu absorbed was greater for pigs fed Cu from either CuSO 4 or CuLys ( P < .001) than for controls. However, the percentage of Cu absorbed and retained did not differ among dietary treatment groups.
Chromium intake and excretion of Cr in feces did not differ among treatment groups. A trial × treatment interaction ( P < .05) was observed for fecal excretion of Cr; in Trial 1, pigs fed Cu from CuSO 4 had the highest fecal values and pigs fed Cu from CuLys had the lowest fecal values. In Trial 2, pigs fed Cu from CuSO 4 had the lowest fecal values and pigs fed Cu from CuLys had the highest fecal values. Absolute amounts of Cr absorbed tended to be larger ( P = .12) for pigs fed Cu from both sources than for controls. The percentage of Cr absorbed did not differ among the treatment groups. A trial × treatment interaction ( P < .01) was observed for Cr absorption; in Trial 1, pigs fed Cu from CuLys had the highest Cr absorption and pigs fed Cu from CuSO 4 the lowest Cr absorption.
In Trial 2, pigs fed Cu from CuSO 4 had the highest Cr absorption and controls had the lowest Cr absorption. Urine excretion of Cr was measured to estimate contamination of urine. Data are not reported because the highest concentration of Cr in the urine was less than .1% of the lowest Cr intake and hence considered insignificant.
Indirect estimates of dry matter digestibility were within approximately one percentage unit of values obtained using the total collection method. Dry matter digestibility was not different between control and pigs fed Cu; however, pigs fed Cu from CuLys had significantly higher DMD ( P < .04) than pigs fed Cu from CuSO 4 . The percentage of absorption of Cu estimated by the indirect method gave a greater percentage of absorption for control pigs than for pigs fed Cu from either CuSO 4 or CuLys ( P < .001), with no difference between the two sources. However, after correcting for Cr recovery by utilizing Cr absorption values to correct fecal Cr concentrations for zero absorptive loss, estimates of Cu absorption were within one percentage unit of estimates obtained using the total collection method.
Iron intake and excretion in feces and urine were similar among dietary treatment groups, but the absolute amount of Fe absorbed tended to be greater for pigs fed Cu from CuSO 4 and CuLys ( P < .10) than for control pigs, with no difference between the two Cu sources (Table 4) . A trial × treatment interaction was observed ( P < .05) for urinary Fe concentration; control pigs had the highest urine values, and pigs fed Cu from CuLys had the lowest values in Trial 1, whereas, in Trial 2, pigs fed Cu from CuLys had the Zinc absorption tended to be greater for control pigs than for pigs fed Cu from both sources ( P < .10), using the indirect absorption method. After adjusting the data for Cr recovery, estimates of absorption were within one percentage unit of values obtained using the total collection method, and these values were not affected by treatment. A trial × treatment interaction ( P < .001) was observed for dry matter digestibility and mineral absorption values; this interaction was probably due to the differences in fecal concentration and recovery of Cr between trials and dietary treatments. Overall, coefficients of absorption obtained for trace minerals using the indirect method were inconsistent with values obtained by total collection. The indirect values were much closer to those obtained by total collection after adjusting for Cr recovery, suggesting that Cr absorption or the inaccuracies of its quantification are the major factors that cause poor estimates of trace mineral absorption.
Discussion
High levels of dietary Cu tended to increase ADG in pigs fed CuLys but not pigs fed CuSO 4 ; however, the growth-promotant activity of both Cu sources may have been minimized due to limit-feeding. Many studies have reported increases in feed intake when elevated dietary Cu was fed (Zhou et al., 1994; Apgar et al., 1995) .
Concentration of Cu in feces and urine was higher in pigs fed elevated Cu from both sources, which was expected. Pigs fed elevated Cu absorbed more Cu than controls. This is in agreement with Roof and Mahan (1982) , who reported that pigs fed 250 mg/kg of Cu from CuSO 4 in combination with carbadox absorbed more Cu than control pigs fed the basal diet containing 22.4 mg/kg of Cu. Their digestibility estimates, however, were three-to four-fold higher than those obtained in our study. Moore et al. (1986) reported digestibility estimates similar to those reported by Roof and Mahan (1982) for diets containing 8 to 14 mg/kg of Cu. Roof and Mahan (1982) and Moore et al. (1986) used young pigs, which may absorb higher levels of dietary Cu than do older pigs; the response to added Cu by young pigs is consistently greater than that by older pigs. Kornegay et al. (1977) reported Cu digestibility estimates of 17.8 to 18.3% for 125-kg gilts fed Cu intakes ranging 11.2 to 38.2 mg/d (8.6 to 28.3 mg of Cu/kg of diet). A Cu digestibility estimate of 28% was reported for 72-kg gilts fed a basal diet containing 12.6 mg of Cu/kg . Other researchers have reported fecal Cu excretion rates from 60 to 80% for pigs fed elevated levels of Cu (Buescher et al., 1961; Castell and Bowland, 1968) ; the diets used in these studies contained normal trace mineral levels. Bowland et al. (1961) and Underwood (1977) reported fecal Cu excretion rates of 90% or higher, which are similar to the values obtained in the present study. Our estimates of absorption were probably lower than would have been expected had normally recommended concentrations of trace minerals been fed, rather than three-to fourfold higher levels of Fe and Zn. Interestingly, Coffey et al. (1994) , using growth performance of weanling pigs as an estimate of Cu availability, reported that in three of seven trials, pigs fed diets containing CuLys at 100 mg/kg grew as fast as pigs fed diets containing 200 mg/kg of CuSO 4 . However, Apgar et al. (1995) and van Heugten and Coffey (1992) did not observe this difference between Cu sources. Furthermore, Apgar et al. (1995) reported increased Cu deposition in the livers of pigs fed 200 mg/kg of Cu from CuLys, as compared with livers of pigs fed CuSO 4 . This suggests that perhaps the organic Cu source is metabolized differently than CuSO 4 . The data from this study do not show differences in either absorption or retention between the two Cu sources. However, it is possible that the utilization of elevated levels of Cu differs between weanling and finishing pigs. Although Coffey et al. (1994) reported increased availability from CuLys, the majority of their findings (four of seven trials) and those of others (van Heugten and Coffey, 1992; Apgar et al., 1995) indicate that there is no difference between the two sources. This finding is supported by the lack of difference in absorption of Cu between the two Cu sources in our study.
Although the percentages of Fe absorbed and retained were similar among treatment groups, pigs fed elevated Cu from both sources tended to absorb more Fe than control pigs. This is in contrast to findings by Gipp et al. (1973) , who reported increases in hypochromic anemia of pigs fed elevated dietary Cu in the presence of 20 mg/kg of Fe. Although dietary Fe levels were much higher in our study, there was no indication that Cu interfered with Fe absorption in the gastrointestinal tract, as reported by Gipp et al. (1974) . Flanagan (1989) used mice to show that equimolar concentrations of Cu and Fe decreased Fe uptake in mice pretreated with Fe-deficient diets. The effect was not observed, however, in mice fed adequate pretreatment diets. Hedges and Kornegay (1973) reported that 257 mg/kg of added Cu decreased the hemoglobin value of pigs fed diets containing 101 mg/ kg of Fe; however, this effect was offset by increasing dietary Fe concentrations to 312 mg/kg. Hart et al. (1928) reported that an anemia caused by the defective utilization of Fe was the result of Cu deficiency and that Cu is required for Fe metabolism. Defective Fe metabolism in Cu-deficient animals is thought to be due to low levels of ferroxidase activity in the blood. Transferrin transports Fe in blood and binds only to Fe(III). Iron is released from the liver and absorbed as Fe(II). Frieden and Hsieh (1976) proposed that the oxidation of Fe(II) to Fe(III) is catalyzed by ferroxidase enzymes, which contain Cu (Prohaska, 1991) . Although plasma ferroxidase activity was not measured in this study, it is possible that the elevated levels of dietary Cu increased ferroxidase activity and caused a shift in equilibria that increased Fe absorption. Ritchie et al. (1963) reported that 250 mg/kg of added Cu stimulated growth and reduced parakeratosis in pigs fed diets marginal in Zn concentration, suggesting a Cu-Zn interaction that may enable better Zn utilization. Our study, however, showed no significant difference in Zn absorption due to dietary treatment. The lack of an effect could be due to the high dietary levels of Zn present in the experimental diets. In rats, Cu and Zn mutually hamper absorption (Van Campen and Scaife, 1967; Van Campen, 1966) . Fisher et al. (1981) used rats fed elevated levels of Zn to show that as dietary Zn increased, serum and liver Cu concentrations declined. Although Zn absorption was not affected by elevated Cu in our study, the lower Cu absorption values obtained compared with some of the reports may have been caused by the high Zn concentration in the experimental diets.
Indirect determination of Cu, Fe, and Zn absorption do not seem feasible for estimating availability. Estimating dry matter digestibility by the indicator method, however, resulted in estimated values relatively similar to those obtained by total collection. Other researchers have reported the indirect method as being accurate for estimating dry matter (Clawson et al., 1955) and P digestibility (Dellaert et al., 1990) . However, the use of chromic oxide does not seem to be a reliable method with which to estimate trace mineral absorption.
Implications
Pigs fed growth-stimulating levels of Cu absorb more Cu than control pigs, with no difference observed between the inorganic and organic sources of Cu fed.
Feeding these elevated dietary levels of Cu tended to increase iron absorption; however, zinc absorption was not significantly altered.
